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Chromothripsis scars the genome when localized chromosome shattering and repair occurs in
a one-off catastrophe. Outcomes of this process are detectable as massive DNA rearrangements
affecting one or a few chromosomes. Although recent findings suggest a crucial role of chromo-
thripsis in cancer development, the reproducible inference of this process remains challenging,
requiring that cataclysmic one-off rearrangements be distinguished from localized lesions that
occur progressively. We describe conceptual criteria for the inference of chromothripsis, based
on ruling out the alternative hypothesis that stepwise rearrangements occurred. Robust means
of inferencemay facilitate in-depth studies on the impact of, and themechanisms underlying, chro-
mothripsis.Introduction
Often described as a disease of the genome, cancer typically
results from the acquisition of DNA alterations in somatic cells
leading to activation of oncogenes and inactivation of tumor
suppressor genes. As a result, cellular processes including
cell-cycle control, apoptosis, and DNA repair are impaired,
conferring a growth advantage to cells and fomenting tumori-
genesis (Stratton et al., 2009). According to a long-standing
presumption, a single genetic hit is typically insufficient for
a cell to develop into cancer. Instead, several progressive (i.e.,
gradually acquired or stepwise) DNA alteration events are
required, resulting in incremental development and progression
of cancer (Knudson, 1971; Stratton et al., 2009).
Recent cancer genome analyses, however, have revisited
this presumption by suggesting an alternative process that
involves massive de novo structural rearrangement formation
in a one-step catastrophic genomic event coined chromothrip-
sis (Stephens et al., 2011) (‘‘chromo’’ from chromosome;
‘‘thripsis’’ for shattering into pieces; illustrated in Figures 1A
and 1B). A key feature of chromothripsis is the formation of
tens to hundreds of locally clustered DNA rearrangements
through a singular, cataclysmic (one-off) event, resulting in
a large number of rearranged fragments (often tens to hundreds)
interspersed with widespread losses of sequence fragments
(Figure 1B). Occasionally, rearrangements resulting from chro-
mothripsis can lead to the formation of small circular DNA
molecules (double-minute chromosomes), which may subse-
quently become amplified if they harbor oncogenes (Rausch
et al., 2012a; Stephens et al., 2011) (Figure 1B). As a result
of the massive DNA alterations occurring, chromosomes
affected by chromothripsis show a characteristic pattern of
copy-number ‘‘oscillations,’’ whereby typically only two (or
occasionally three) copy-number states are detectable along1226 Cell 152, March 14, 2013 ª2013 Elsevier Inc.the chromosome in the context of a large number of rearrange-
ments (Stephens et al., 2011).
This pattern distinguishes chromothripsis from other ‘‘punctu-
ated equilibrium’’-like mechanisms in which one-off events
precipitate multiple successive DNA rearrangements. An
example of the latter is the breakage-fusion-bridge cycle
(Figure 1C), in which one DNA double-strand break can result
in further DNA alterations acquired with each subsequent cell
cycle (Bignell et al., 2007; Rudolph et al., 2001). Such processes,
although occurring in a short period of time, are conceptually
different to chromothripsis because they are associated with
DNA replication interspersed with progressive rearrangements,
and thus copy-number states can vary extensively across
the derivative chromosome.
Impact of Chromothripsis on Cancer Development
and Progression
The DNA breakpoints resulting from chromothripsis fre-
quently affect only one or a few chromosomes (Figure 2A). Spec-
tral karyotyping and fluorescent in situ hybridization (FISH)
experiments have further shown that only one of the two parental
chromosomes (or haplotypes) is typically affected by chromo-
thripsis (Stephens et al., 2011). DNA rearrangements arising
through chromothripsis can lead to several simultaneous tumor-
igenic DNA alterations (Rausch et al., 2012a; Stephens et al.,
2011) (illustrated in Figure 1A and Figure 2B). FISH experiments
further showed rearrangement outcomes of chromothripsis to
be detectable throughout practically all cells in a tumor and
not solely in tumor subclones (e.g., Figure 2B), suggesting
that chromothripsis occurs as a relatively early tumorigenic
event (Rausch et al., 2012a; Stephens et al., 2011). Hence,
chromothripsis is thought to contribute to, or even represent
a driving force of, cancer development and progression.
Figure 1. Cataclysmic DNA Rearrangement Processes
(A) Tumorigenesis is classically thought to involve the stepwise acquisition of somatic DNA driver alterations (dashed blue arrows). Cellular ‘‘crises,’’ such as
chromothripsis, may accelerate this process by resulting in several DNA alterations at once (solid black arrows). The red color symbolizes the acquisition of
malignant phenotypes in the cell (white = nonmalignant cell; red = aggressive/highly malignant cell).
(B)Chromothripsis,acellularcrisisalteringchromosomes inaone-offburst thought to involveasinglecell cycle (adaptedfromStephensetal.,2011,Rauschetal., 2012a).
(C) The breakage-fusion-bridge cycle, a prototypic process (McClintock, 1941) involving chromosome end-to-end fusions that lead to clustered breakpoints but
not to extensive copy-number state oscillations. This form of ‘‘crisis’’ typically involves several subsequent cell cycles. Though in the classical breakage-fusion
bridge cycle only a single DNA break is thought to occur in each cell-division cycle, it is hypothesized that chromosome end-to-end fusions may also lead to
chromothripsis events (Stephens et al., 2011).The characteristic signature of massive DNA rearrangements
resulting from chromothripsis has been observed in 2%–3% of
cancer samples (Stephens et al., 2011). Distinct malignanciesdisplay different rates of chromothripsis (reviewed in Jones
and Jallepalli, 2012), and the outcomes of such one-off chromo-
somal crises have been reported in diverse cancer entities,Cell 152, March 14, 2013 ª2013 Elsevier Inc. 1227
Figure 2. Appearances of Chromothripsis and Progressive DNA Rearrangements
(A) DNA rearrangement pattern of SNU-C1, a tetraploid colorectal cancer cell line, with >200 rearrangements on chromosome 15 associated with widespread
DNA fragment loss (reproduced from Stephens et al., 2011). Oscillating copy-number profiles derived from SNP6microarray data are depicted in the upper panel
of points. Allelic ratios for each SNP, depicting segments with retained heterozygosity interspersed with LOH, are shown in the lower panel of dots. Homozygous
SNPs cluster at allelic ratios near 0 or 1. Heterozygous SNPs cluster around 0.5. The structural rearrangement graph with intrachromosomal rearrangements of all
four possible orientations is depicted as colored lines that connect DNA segments. The box to the right shows a zoomed-in version of the 15q region. Abundant
regions with LOH indicate that chromothripsis preceded genome duplication in this cancer cell line.
(B) Chromothripsis in a primary Shh-driven pediatric medulloblastoma sample LFS-MB4 associated with the formation of a circular double-minute chromosome
derived from chromosome 2 fragments (reproduced from Rausch et al., 2012a). The outermost rings in the illustrated circular plot depict chromosome coor-
dinates and annotated genes with known oncogenes shown in red. FISH analysis verified the colocalization of the synchronously amplifiedMYCN (red) andGLI2
(green) oncogenes in the chromothripsis-associated, amplified double-minute chromosomes, and demonstrated their presence throughout virtually all tumor
cells (reproduced from Rausch et al., 2012a).including bone cancer, pediatric medulloblastoma, neuroblas-
toma, colorectal cancer, melanoma, and hematological malig-
nancies (Hirsch et al., 2012; Kloosterman et al., 2011b; Magran-
geas et al., 2011; Molenaar et al., 2012; Northcott et al., 2012;1228 Cell 152, March 14, 2013 ª2013 Elsevier Inc.Rausch et al., 2012a; Stephens et al., 2011). Furthermore, chro-
mothripsis has been associated with poor patient survival in
several cancers (Hirsch et al., 2012; Magrangeas et al., 2011;
Molenaar et al., 2012; Rausch et al., 2012a), indicating its
potential relevance as a prognostic marker, and suggesting
chromothripsis as a feature of some particularly aggressive
forms of cancer. In sonic hedgehog (Shh)-driven medulloblas-
toma, chromothripsis has been linked with predisposing
(germline) mutations in the gene encoding the p53 tumor sup-
pressor (TP53) (Rausch et al., 2012a), and in group-3-subtype
medulloblastoma and acute myeloid leukemia with somatic
DNA alterations of TP53 (Northcott et al., 2012; Rausch et al.,
2012a). Hence, chromothripsis appears to be prone to occur in
specific contexts—i.e., in conjunction with, or even instigated
by, progressively acquired DNA alterations.
Mechanisms Hypothesized to be Involved in
Chromothripsis
Although we can find evidence of these cataclysmic events in
genomes, the mechanisms that give rise to them are still being
worked out. Computational analyses of breakpoint junction
sequences performed at nucleotide resolution have provided
initial clues on the mechanism for rejoining the shattered DNA
fragments. Abundant 2–4 nt long repeating sequences (i.e.,
observed ‘‘microhomology’’) at the respective rearrangement
breakpoints (Stephens et al., 2011) are consistent with the repair
of shattered DNA fragments by nonhomologous end-joining
(NHEJ). Simulation-based computational analyses, described
in more detail below, have further provided compelling evidence
that the complex chromosome aberrations resulting from
chromothripsis result from singular, catastrophic DNA rear-
rangement event (Rausch et al., 2012a; Stephens et al., 2011).
Several hypothetical mechanisms have been proposed to
lead to the massive DNA rearrangements observed in conjunc-
tion with chromothripsis (recently reviewed in Forment et al.,
2012; Jones and Jallepalli, 2012; Maher and Wilson, 2012).
Most proposed mechanisms assume that chromothripsis acts
on condensed chromosomes in association with mitosis, which
may explain the highly localized nature of DNA breakpoints on
a single (or few) chromosomes (Stephens et al., 2011)—although
localized DNA shattering could also occur in the context of the
regular spatial organization of interphase chromosomes (Lichter
et al., 1988; Rausch et al., 2012a). In brief, the following mecha-
nistic hypotheses have been presented and discussed: ionizing
radiation acting upon condensed chromosomes (Stephens et al.,
2011); critical telomere shortening followed by chromosome
end-to-end fusions and subsequent massive DNA breakage
(Stephens et al., 2011); abortive apoptosis events (Tubio and
Estivill, 2011); ‘‘premature chromosome compaction,’’ in which
chromosomes condense before completing DNA replication
and may consequently shatter (Johnson and Rao, 1970; Meyer-
son and Pellman, 2011); and DNA damage associated with the
packaging of mitotically ‘‘delayed’’ chromosomes into separate
cellular compartments known as micronuclei (Crasta et al.,
2012). In this regard, a particularly relevant observation made
by Crasta and coworkers is that of DNA fragmentation affecting
isolated chromosomes packaged into micronuclei, which
addresses the conceptual problem of how highly localized
DNA shattering, in the context of chromothripsis, might be
achieved at the molecular level.
Beyond reports of chromothripsis in many cancers, there is
evidence that a similar (or perhaps identical) process may actupon germline DNA, resulting in constitutional disorders (Chiang
et al., 2012; Kloosterman et al., 2011a; Liu et al., 2011). Nucleo-
tide resolution analyses of the DNA breakpoint junctions of
‘‘constitutional chromothripsis’’ events revealed the presence
of microhomology compatible with NHEJ in some patients
(Kloosterman et al., 2011a; Kloosterman et al., 2012). In others,
sequence-based evidence for replication-associated structural
rearrangements involving the proposed microhomology-
mediated break-induced replication (MMBIR) mechanism was
reported (Liu et al., 2011), with MMBIR thought to be frequently
associated with duplication events and with the insertion of
short DNA-template-derived sequences (i.e., templated inser-
tions) at the respective breakpoint junctions. The frequent
association of chromothripsis in cancer with sequence loss
(Stephens et al., 2011), rather than with duplication, and the
lack of template-derived insertions at the respective DNA
breakpoints in medulloblastoma (Rausch et al., 2012a) suggests
that they may differ mechanistically from ‘‘constitutional chro-
mothripsis’’ events. As is the case for chromothripsis in cancer,
the molecular mechanism driving ‘‘constitutional chromothrip-
sis’’ has not yet been experimentally elucidated.
Challenges in the Assessment of Chromothripsis
in Cancer Genomes
Accurate inference of chromothripsis is crucial for further
characterization of the underlying molecular process. However,
the genomic signature left by other processes can resemble
that of chromothripsis potentially resulting in misclassification
of chromothripsis events that may hamper research on the
mechanistic basis of chromothripsis and impede attempts to
exploit chromothripsis as a biomarker for disease prognosis.
To robustly and reproducibly identify DNA rearrangements
arising from chromothripsis, those alterations underlying a
one-off event must be distinguished fromDNA alterations occur-
ring in a stepwise manner.
Different operational definitions have been applied for inferring
chromothripsis in microarray based copy-number profiling
data. These operational definitions have been geared toward
recognizing oscillating copy-number profiles, by requiring the
detection of at least 10, 20, or 50 copy-number alterations (i.e.,
identifiable shifts in the copy-number profile) on a particular
chromosome, with these alterations oscillating between only
two or three copy-number states (Hirsch et al., 2012; Jones
et al., 2012; Magrangeas et al., 2011; Molenaar et al., 2012;
Northcott et al., 2012; Rausch et al., 2012a; Stephens et al.,
2011). In addition to requiring a fixed number of copy-number
alterations (such as 50) as a threshold, the number of DNA
breakpoints associated with oscillating copy-number alterations
has been put in relation to the total number of breakpoints on
a chromosome to define a threshold for inferring chromothripsis
in microarray data (Kim et al., 2013).
Marked differences in the spatial distribution, number, and
types of somatically acquired DNA rearrangements observed
between cancer entities (Yates and Campbell, 2012), however,
limit the utility of a defined threshold in terms of identified
copy-number alterations for ascertaining chromothripsis.
Specifically, cancers displaying pronounced genomic instability,
such as ovarian cancer (Cancer Genome Atlas ResearchCell 152, March 14, 2013 ª2013 Elsevier Inc. 1229
Figure 3. Amalgam of DNA Rearrangements in a Cancer Genome from an Ovarian Cancer Patient
The large number and diversity of DNA rearrangements detectable in this cancer genome highlight the necessity to use rigorous statistics for distinguishing
chromothripsis events from progressive DNA alterations. Ovarian cancers show widespread DNA copy-number alterations throughout the genome, most of
which involve progressive rearrangements (depicted by light blue arrows). Although chromosome 7 may potentially have undergone chromothripsis (purple
arrow), the large genome-wide number of alterations limits the utility of operational definitions for inference—hence calling for rigorous statistical testing. This
cancer genome copy-number alteration profile was determined using microarrays (Cancer Genome Atlas Research Network, 2011). Array data were reanalyzed
with Nexus 6v10 (Biodiscovery) copy-number software, as described in Rausch et al., 2012a. Scales corresponding to array log2 ratios of 1 (gain) and1 (loss) are
indicated beneath the axis corresponding to the X chromosome.Network, 2011), can harbor such a high number of progressively
acquired somatic DNA alterations per chromosome (Figure 3)
that based on operational definitions, those cancers may
mistakenly be suspected to have undergone chromothripsis.
Additionally, accumulations of DNA alterations on the same
chromosome can be achieved by multistep processes, rather
than one-off events, e.g., through successional breakage-
fusion-bridge cycles (Bignell et al., 2007; Rudolph et al., 2001)
or through consecutive deletions that originate from fragile
sites or are driven by positive selection (Bignell et al., 2010).
Thus, although operational definitions can facilitate the
screening for chromothripsis in microarray copy-number
profiling data, from which copy-number state information but
not the relative order or orientation of rearrangements can be re-
constructed, their utility is noticeably limited—and because
operational definitions are prone to subjectivity, they can inter-
fere with reproducibility.
Criteria for Statistical Assessment of Chromothripsis
Amore robust and accurate distinction between DNA rearrange-
ments arising from chromothripsis and those occurring in a
stepwise fashion can be achieved by applying criteria that
enable rigorous statistical evaluation of cancer genome1230 Cell 152, March 14, 2013 ª2013 Elsevier Inc.sequencing data (Rausch et al., 2012a; Stephens et al., 2011).
The aim of these criteria is to evaluate the model that a particular
set of DNA rearrangements resulted from stepwise somatic
DNA alterations as compared to the alternative model that the
rearrangements arose through a single catastrophic event (i.e.,
chromothripsis).
The following sections outline the rationale behind several
different criteria, each of which can facilitate the statistical infer-
ence of chromothripsis, allowing for more reproducible and
accurate ascertainment of chromothripsis than otherwise
possible using solely operational definitions. Most of these
criteria take into account the entire set of structural rearrange-
ments that have occurred on a chromosome in question,
including the relative order and orientation of rearranged
segments, which are typically detected using whole-genome
paired-end DNA sequencing data, and which can be repre-
sented in the form of a structural rearrangement graph (Figure 2A
and Box 1).
Clustering of Breakpoints
DNA breakpoints occurring in conjunction with chromothripsis
typically show pronounced clustering (depicted in Figure 4A).
Often, 5–10 breaks can be observed within 50 kb, followed by
Box 1. Construction of DNA Structural Rearrangement Graphs
A crucial prerequisite for the inference of chromothripsis is the accu-
rate mapping of somatically acquired DNA structural rearrangements
in samples of interest to obtain a structural rearrangement graph,
which represents the set of somatic rearrangements that occurred
on a chromosome, comprising copy-number state information and
data on the relative order and orientation of segments subsequent to
rearrangement (see e.g., Figure 2A). Accurate structural rearrange-
ment graphs can be obtained using sequence variant discovering
approaches in massively parallel DNA sequencing data. These
approaches include paired-end mapping, which is based on
sequencing the ends of size-selected DNA fragments, and detecting
DNA rearrangements by identifying paired ends that map abnormally
onto the human reference assembly (Campbell et al., 2008; Korbel
et al., 2007; Mills et al., 2011). Deletion-type rearrangements (tail-to-
head) are inferred based on the abnormal distance of mapped ends,
tandem duplication-type (head-to-tail) alterations based on their
abnormal relative mapping order, and inversion-type alterations
(head-to-head or tail-to-tail) based on their abnormal relative mapping
orientation. The sensitivity of paired-end mapping for detecting DNA
alterations is improved when DNA sequencing libraries with different
library insert sizes are used (Mills et al., 2011; Rausch et al., 2012a).
Read-depth analysis (Campbell et al., 2008; Chiang et al., 2009), an
approach based on identifying copy-number alterations by analyzing
the DNA read depth of coverage, can also be used to discover
structural rearrangements and to infer the copy-number status of
segments. Split-read (or clipped-read) analysis, which is based on
evaluating gapped read alignments onto the human reference genome
assembly, enables the fine-mapping of DNA rearrangement break-
points (Rausch et al., 2012b; Wang et al., 2011; Ye et al., 2009). In
theory, DNA sequence assembly can further improve the detection
of structural rearrangement events, although recent analyses suggest
that assembly using short DNA read data displays low sensitivity
compared to the aforementioned sequence variant discovery
approaches (Mills et al., 2011).
Data from several of these rearrangement discovery approaches are
typically combined to describe the somatic DNA structural rearrange-
ment graph. This graph serves as the starting point for the described
criteria for inferring chromothripsis.long tracts of intact chromosomal sequence. Breakpoints can be
confined to individual chromosome arms with the clustering
presumably resulting from whatever process drives the chromo-
some fragmentation (Stephens et al., 2011). Thus, an analysis of
breakpoint clustering can be used as means to obtain evidence
for chromothripsis (Rausch et al., 2012a; Stephens et al., 2011),
as outlined in Box 2.
Under a progressive rearrangements model, tendencies of
breakpoints to cluster substantially imply a ‘‘memory’’ of
previous rearrangements from one cell division to the next.
Although less pronounced than in chromothripsis, local accumu-
lation of breakpoints can be observed in progressive rearrange-
ment scenarios where it may be driven by either chromosomal
fragility or selection for particular genes within a chromosomal
region (Campbell et al., 2010). As a consequence, under
progressive rearrangement scenarios, breakpoint clustering
tends to be recurrent across patients because both the locations
of cancer genes and fragile sites represent intrinsic features of
the human genome (a priori information that can be taken intoconsideration for rigorous statistical evaluation of breakpoint
clustering).
Regularity of Oscillating Copy-Number States
The aforementioned oscillating behavior of copy-number states
resulting from chromothripsis (e.g., as evident from the chromo-
thripsis example shown in Figure 2A) can be evaluated rigor-
ously, as illustrated in Figure 4B, by simulating a gradual process
in which each of the structural rearrangements detected on
a chromosome, according to the rearrangement graph, are
introduced onto an in silico (modeled) chromosome one-after-
another (Rausch et al., 2012a; Stephens et al., 2011). By intro-
ducing these rearrangements in a stepwise fashion using Monte
Carlo simulations, we can assess the ability of the progressive
rearrangement null model to reproduce the regular (oscillating)
nature of copy-number state switches characteristic for chromo-
thripsis. Support for chromothripsis is obtained in cases where
the null model is ruled out based on these simulations.
Prevalence of Regions with Interspersed Loss and
Retention of Heterozygosity
Chromothripsis frequently leads to massive loss of segments on
the affected chromosome with segmental losses being inter-
spersed with regions displaying normal (disomic) copy-number
(e.g., copy-number states oscillating between copy-number =
1 and copy-number = 2). Although monosomic regions have
evidently lost heterozygosity, the key feature of chromothripsis
is that the segments in the higher (disomic) copy-number state
have retained heterozygosity (Stephens et al., 2011). The result
is a highly regular (oscillating) pattern of segments with retained
heterozygosity interspersed with loss-of-heterozygosity (LOH)
(see Figure 2A, and illustration in Figure 4C). Once lost to the
cell through deletion, heterozygosity cannot be regained. Hence,
in the presence of an abundance of copy-number states oscil-
lating between the states ‘‘1’’ and ‘‘2,’’ perfect concordance
between disomic regions and heterozygous regions will be
unlikely in the event of gradually acquired rearrangements
(Figure 4C). A simulation in which rearrangements are randomly
and sequentially drawn from the available structural rearrange-
ment graph (Box 1) can be employed to assess this concordance
and hence to evaluate the hypothesis that DNA rearrangements
were gradually acquired.
It is worth noting that if chromothripsis occurs in the context of
polyploidy, the lower copy-number state may not display LOH,
but instead may reflect the resulting allelic contribution in lost
genomic segments (e.g., alternating between allelic ratios of
1:1 and 2:1, if genome duplication precedes chromothripsis).
Nonetheless, in the case of chromothripsis, the resulting allelic
ratios will oscillate between segments that are lost and retained,
and evaluation of concordance of this oscillating behavior with
the segmental copy-number state changes can hence facilitate
the discrimination of one-off from progressive rearrangements
in the context of polyploidy.
Prevalence of Rearrangements Affecting a Single
Haplotype
When chromothripsis occurs, fragments resulting from chromo-
somal DNA shattering typically originate from a single parentalCell 152, March 14, 2013 ª2013 Elsevier Inc. 1231
Figure 4. Criteria for the Inference of Chromothripsis
(A) Breakpoint clustering can yield evidence for chromothripsis (left), as stepwise alterations (right) do not typically lead to a similar level of clustering of DNA
breaks. Curved colored lines depict individual rearrangements.
(B) Oscillating copy-number profiles. The left panel depicts a particular set of rearrangements resulting in oscillating copy number, indicative of chromo-
thripsis. The null hypothesis of stepwise alterations can be rejected if simulations making use of all rearrangements depicted in the rearrangement graph fail to
result in oscillations involving so few (in this case two) copy-number states. This is illustrated in the right panel, where the copy-number profile displays four
different states.
(C) Interspersed regions with loss and retention of heterozygosity often result from chromothripsis (left) and can be used for statistical testing as in the presence of
stepwise alterations (right) such regularity of patterns is unlikely to occur.
(D) Chromothripsis-associated rearrangements are typically detectable on a single parental copy (haplotype) of affected chromosomes (referred to as H1 in the
left), whereas stepwise alterations do not typically show such preference.
(E) Because fragments are randomly joined following DNA shattering (left), it follows that the relative order of rearranged fragments and the type of fragment joins
should be uniformly distributed. By comparison, clustered stepwise alterations often show biases toward certain rearrangement forms (right), and are thus not
expected to result in such uniform joining and ordering of segments.
(F) In a region of chromothripsis, each fragment is either retained in or lost from the derivative chromosome, enabling an unambiguous walk through the re-
arrangements created. As a result, when viewed on the reference genome, adjacent reads demarcating breakpoints inferred by paired-end mapping show
perfect alternations between head (‘‘h’’) and tail (‘‘t’’) paired-end reads (left). In contrast, most progressive DNA alteration scenarios that result in nested re-
arrangements (right) do not have this property.chromosome (or haplotype). Considering that DNA rearrange-
ments can be associatedwith a specific haplotype using phasing
(Box 3), the extent to which rearrangements are biased toward
a single haplotype, rather than occurring on both haplotypes
(assuming disomy), can be used to obtain further evidence for
chromothripsis (Figure 4D). Under the assumption that progres-
sive rearrangements affect eachhaplotype randomly, a statistical
test can provide evidence for chromothripsis by defining the
extent to which rearrangements are concentrated on a single
haplotype—for example, by using the Poisson assumption that
in the presence of progressive rearrangements structural rear-
rangements occur on both haplotypes (null hypothesis), rather
than only on a single one.1232 Cell 152, March 14, 2013 ª2013 Elsevier Inc.Selection for particular genes within a chromosomal region
can bias progressive rearrangements to occur preferentially on
only one rather than on both haplotypes. However, the rear-
ranged genomic regions would be recurrent across patients if
driven by selection, providing a possible rationale to account
for such potentially confounding factor.
Randomness of DNA Fragment Joins
The assumption underlying the chromothripsis theory is that the
chromosome fragments are randomly stitched together
(‘‘joined’’), involving a DNA double-strand repair process. The
implication is that at each join, the orientation of the two DNA
fragment ends should be random (illustrated in Figure 4E), in
Box 2. Outline of Statistical Algorithms for Inferring Chromo-
thripsis
Guidelines for evaluating the following four criteria are outlined:
1. Clustering of breakpoints: Let fxð1Þ; xð2Þ;.; xðnÞg be the set of break-
point locations on a given chromosome, ordered from the lowest to the
highest (as positioned on the reference genome). The null model of
random breakpoint locations implies that the distances between adja-
cent breakpoints, fxð2Þ  xð1Þ; xð3Þ  xð2Þ;.; xðnÞ  xðn1Þg, should be
distributed according to an exponential distribution with mean
Pn1
1 ðxði + 1Þ  xðiÞÞ=ðn 1Þ which can be readily evaluated using
a goodness-of-fit test. In our experience, chromothripsis is typically
associated with a strong departure from this null distribution, although
some situations of progressive rearrangements (e.g., rearrangements
arising through successive breakage fusion bridge cycles; Figure 1C)
are too.
2. Randomness of DNA fragment joins: Let frDel; rTD; rH2H; rT2Tg be the
counts of observed rearrangements that have a deletion-type, tandem
duplication-type, head-to-head-inverted, and tail-to-tail-inverted
orientation respectively. If more than one chromosome is involved,
then interchromosomal rearrangements can be interpreted in the
same four categories using orientation of the strands at the breakpoint.
Then, in a region of chromothripsis, we would expect these counts to
be distributed as a multinomial distribution with parameters n=
P
ri
and probability pi = 1=4. A departure from this distribution can be
employed as evidence against the rearrangements arising from a chro-
mothripsis process.
3. Randomness of DNA fragment order: In a chromothripsis event, the
presumption is that the original position of a fragment on the reference
genome carries no information about the origins of the fragments it is
joined to at either end. To test this, let fxð1Þ; xð2Þ;.; xðnÞg be the set of
breakpoint locations, ordered from the lowest to the highest (as posi-
tioned on the reference genome). Each observed rearrangement
consists of two DNA breaks joined together and can be denoted as
fðI1; I2Þg, where I refers to the index of the ordered breakpoints fxðIÞg.
Under the chromothripsis model, the paired indices should be random
draws without replacement from f1; 2;.; ng. There are suites of tools
available for statistically assessing randomness that could be adapted
here. One possibility, for example, would be to calculate the mean of
fjI2  I1jg and compare this to 1,000 Monte Carlo simulations. When
we have tested this in practice, the fragment order from a chromothrip-
sis process is not entirely random, implying some spatial structure to
the DNA repair process but considerably more random than most
progressive rearrangement scenarios.
4. Ability to walk the derivative chromosome: As can be seen in
Figure 4F, the ability to walk the derivative chromosome implies that
adjacent DNA reads demarcating breakpoints inferred by paired-end
mapping (Box 1) must alternate between the head of the paired-end
fragment and the tail of that fragment. Let fxð1Þ; xð2Þ;.; xðnÞg be the
set of breakpoint locations, ordered from the lowest to the highest
(as positioned on the reference genome), and let fsð1Þ; sð2Þ;.; sðnÞg
be the paired-end DNA read (head or tail) associated with each of these
breakpoints. In a region of chromothripsis, if all rearrangements were
observed, fsð1Þ; sð2Þ;.; sðnÞg would be a perfect alternating sequence
of heads and tails when ordered along the reference genome assembly
(Figure 4F). Because some rearrangements are likely to be missed in
the sequencing, the problem is one of whether there are longer runs
of alternating heads and tails than expected by chance. This circum-
stance could be assessed by adapting the Wald-Wolfowitz test for
runs. Note that some progressive rearrangement processes could
give similar runs, such as a series of deletions on a given chromosome,
but that many processes, especially those associated with amplifica-
tion, will not.
Box 3. Application of Haplotype Phasing to Improve Structural
Rearrangement Analysis
A normal human genome is diploid (2n), and cancer genomes can
display different karyotype configurations (e.g., tetraploidy, 4n). Ac-
cording to the theory of chromothripsis, structural rearrangements
arising should normally display a bias toward occurring on a single
chromosome homolog (i.e., haplotype), rather than on both haplotypes
for disomic karyotypes (or all four in the case of 4n). Hence, the ability
to relate rearrangements to a specific haplotype would allow inferring
chromothripsis events with increased power. Using short read DNA
sequencing, haplotype phases of 300–400 kb could be used tomonitor
whether adjacent DNA breakpoints arose on a single DNA molecule,
using the 1000 Genomes Project integrated haplotype reference
panel (1000 Genomes Project Consortium et al., 2012) in conjunction
with computational approaches based on imputation (Browning and
Browning, 2011). Chromosome-wide phasing data can be obtained
when germline whole-genomic sequencing data from both parents
or somatic genome sequencing data from aneuploid secondary
tumors (which are common in the context of hereditary disorders
such as Li-Fraumeni syndrome; Li and Fraumeni, 1969) are available
for a patient sample in question.analogy to a pearl necklace that after being disrupted is put
together, with the pearls added to the chain in random order
and orientation.
To evaluate rearrangement patterns for chromothripsis, the
uniformity of orientation of joined DNA fragments can be inferred
by interpreting the structural rearrangement graph (Box 1)—that
is, the number of tail-to-head (deletion-type), head-to-tail
(tandem-duplication-type), head-to-head and tail-to-tail (inver-
sion-type) rearrangements observed should be broadly equal
(Box 2). This criterion applies whether the rearrangements
are intrachromosomal or interchromosomal. In contrast, for
many other types of clustered rearrangements, this property
does not apply. For example, in regions affected by recurrent
breakage-fusion-bridge cycles, there will be predominance of
head-to-head and tail-to-tail inverted rearrangements, whereas
for chromosomal fragile sites, deletions tend to dominate
among the spectrum of rearrangements (Campbell et al., 2010).
Randomness of DNA Fragment Order
Because chromosome fragments are randomly joined, their
relative order, namely their position on the derivative chromo-
some, also should be approximately random (Figure 4E) pro-
vided that there is no preference for joining particular ends
together, such as maintaining a centromere or telomere. Hence,
as an extension to the criterion to evaluate the randomness of
DNA fragment orientation, an assessment of the randomness
of DNA fragment order can be used to obtain further evidence
for chromothripsis (Box 2). This criterion applies to both intra-
chromosomal and interchromosomal rearrangements.
‘‘Walking’’ the Derivative Chromosome
If all DNA rearrangements in a region with chromothripsis are
detectable, it should be possible to reconstruct the relative order
in which segments are joined based on the structural rearrange-
ment graph. Computational approaches for piecing togetherCell 152, March 14, 2013 ª2013 Elsevier Inc. 1233
such ‘‘digital karyotypes’’ are being developed (Greenman et al.,
2012). For our purposes here, the chromothripsis model means
that each DNA segment included in the derivative chromosome
resulting from chromothripsis has consistent orientation (namely
it has a head at one end and a tail at the other). The derivative
chromosome then forms a single, coherent chain of segments
with the constraint that either end of each segment must have
consistent configuration. Each DNA segment retained in the
derivative chromosome must be demarcated at either end by
genomic rearrangements—when viewed from the perspective
of the reference genome, each separate segment will start with
a rearrangement from the head of the segment and finish with
a rearrangement from the tail of the segment. This constraint
will lead to an alternating head/tail sequence of DNA rearrange-
ments, detected by paired-end mapping (Box 1), when paired-
ends demarcating breakpoints are represented along the refer-
ence genome (see illustration in Figure 4F).
Importantly, this organization of alternating heads and tails
need not be the case under the alternative model because
when the rearrangements occur sequentially, some segments
can be ‘‘reused’’ in the derivative chromosome. This would
generally break the perfectly alternating head/tail series.
Consider, for example, two tandem duplications, one nested
entirely within the other. There are four breakpoints from two
DNA rearrangements. The two breakpoints at the lowest
genomic reference coordinates are both demarcated by tails
(see Figure 4F, right). This would break the alternating head/tail
sequence and would be inconsistent with chromothripsis. As
described in Box 2, it is relatively straightforward to test for
consistency with this criterion.
Summary and Outlook
In this primer, we describe the characterization of chromothripsis
within a genome as a statistical question geared toward discrim-
inating rearrangements resulting from chromothripsis from
those that result from subsequent stepwise DNA alterations.
Approaches for inferring the presence of chromothripsis in
genomes harboring appreciable levels of gradually acquired
alterations can be viewed as conceptually similar to detecting
driver alterations among the tumult of passenger mutations
and structural abnormalities typically observed in a cancer
genome. In this analogy, the discrimination of driver from
passenger alterations in studies focusing on generating ‘‘cancer
gene catalogs’’ benefits from statistical approaches for rejecting
the hypothesis that an event corresponds to a stochastically
occurring, inconsequential, passenger alteration (Dees et al.,
2012).
Not all of the aforementioned criteria for inferring chromothrip-
sis can be applied to each cancer sample. In cancers harboring
extreme levels of genomic instability, the characteristic stamp of
chromothripsis may be hidden behind the mass of stepwise
alterations in such a way that it may not be confidently detect-
able with the approaches described here. Tumor heterogeneity
and ploidy may affect the inference of chromothripsis. Heteroge-
neity, as a confounding factor, can be partially dealt with by
focusing analyses on those DNA alterations that affected the
same subset of cells based on haplotype-specific analyses of
subclonal alterations (e.g., using approaches described in Nik-1234 Cell 152, March 14, 2013 ª2013 Elsevier Inc.Zainal et al., 2012). Exome sequencing or microarray based
copy-number profiles cannot be used to infer order and orienta-
tion of rearranged segments, limiting criteria that can be used for
inferring chromothripsis to the evaluation of breakpoint clus-
tering, or to operational definitions (such as the enumeration of
copy-number state changes). Even the most widely used
massively parallel DNA sequencing techniques have remaining
limitations, with short DNA reads (%150 nt) and the most
commonly used paired-end library (Box 1) insert sizes
(<400 bp) remaining ineffective for ascertaining sequence varia-
tion in highly repetitive DNA (Onishi-Seebacher and Korbel,
2011). This technological constraint inevitably limits analyses
to ‘‘mappable’’ genomic regions, which have been estimated
to comprise 90% of the human reference assembly (1000
Genomes Project Consortium et al., 2012). Hence, the available
data may in some cases not be sufficient to infer chromothripsis
reliably, in which case the criteria we describe may be biased
toward presuming that progressive DNA rearrangements
occurred.
Despite these challenges, the criteria described here will
enable researchers to ascertain chromothripsis in cancer
genomes in a rigorous, and more reliable, fashion than feasible
on the basis of operational definitions. We recommend assess-
ment of each of the criteria we described on cancer samples
harboring rearrangements that can be clearly attributed to
chromothripsis as well as on such harboring DNA alterations
that undoubtedly underlie a stepwise process, because this
will facilitate identifying optimal parameters for discriminating
one-off from progressive alterations, which may depend on
sequencing depth and protocol used. With massively parallel
DNA sequencing technology increasingly prevailing over micro-
array-based approaches for cancer genome analysis, we
propose that future studies should verify the occurrence of
chromothripsis by using sequencing data, and by demon-
strating the applicability of different—e.g., at least two—criteria
as ‘‘minimal evidence’’ for discriminating stepwise from one-off
events. We foresee that using robust, reproducible criteria for
classification, future research will reveal electrifying insights
into the functional consequences and mechanistic basis of
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